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ABSTRACT
Layer-parallel-shortening (LPS) strain records the first strain experienced by rocks during
tectonic events. LPS indicators preserved in vertical to overturned fold limbs along the leading
edge of the fold-thrust belt in southwestern Montana are used to determine which deformation
came first there: Sevier or Laramide. LPS-strain was analyzed for 22 samples collected in the
Dixon Mountain area from different beds containing ooids, Pentacrinus, or brachiopods within a
580-meter stratigraphic interval. Field orientations of strain ellipses were then adjusted for: 1)
trend and plunge of fold axes; 2) rotation of thrust sheets relative to the trend of the Sevieremplaced, overturned Deadwood Gulch syncline; and 3) bedding dip. Retrodeformed
orientations of 15 samples show an average shortening direction of ~227⁰, consistent with Sevier
shortening (~213⁰); 4 samples show a shortening direction of ~268⁰; and 3 samples show a
shortening direction of ~171⁰, perhaps indicating Sevier shortening across a lateral ramp.
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INTRODUCTION
Prior to development of the Tertiary Basin and Range and NE-passage of the
Yellowstone hotspot through the region (Figure 1), southwestern Montana (MT) was subjected
to two different, but overlapping compressional orogenic events during the Mesozoic and early
Tertiary that manifested contrasting deformational mechanisms – the Sevier Orogeny (140 – 50
Ma) and the Laramide Orogeny (75 – 35 Ma) (Dickinson, 1988). The Sevier Orogeny, a typical
fold-thrust belt, exhibits “thin-skinned” deformation with N-S- to NW-SE-trending folds
associated with W-SW-dipping thrusts that resulted from NE-SW-shortening above a regional
decollement (Figure 2). In contrast, the “thick-skinned” (basement involved) Laramide Orogeny,
with localized magmatism, resulted from NW-SE-shortening and produced NE-SW-trending
folds.

Figure 1. Major structural and igneous provinces in the western United States: ELF&TB eastern limit of Cordilleran fold and thrust belt; YHS - Yellowstone hot spot (from Judy, 2012).
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Figure 2. Map of NE-trending Laramide structures and NW-trending Sevier thrust sheets
(modified after Perry et al., 1988). Study area outlined in red. LWS - Little Water syncline.

A classic place where these orogenic events overlap in space and time is along the
leading edge of the Sevier fold-thrust belt in southwestern MT (Oldow et al., 1989; Perry and
Sando, 1982; DeCelles, 2004) where the frontal Tendoy thrust-sheet overrides the syn-orogenic
Cretaceous Beaverhead Conglomerate in the overturned footwall-syncline, hereafter referred to
as Deadwood Gulch syncline, that marks the structural front of the Cordilleran (Sevier) foldthrust belt. Here, just south of Dixon Mountain and along Big Sheep Creek, both the Deadwood
Gulch syncline and small folds in the Tendoy sheet exhibit classic Sevier NW-SE-trending fold
axes (Figure 3). Primary structural features north of Dixon Mountain include the NE-SWtrending Little Water syncline and Timber Butte anticline, which are generally attributed to
Laramide deformation (Perry and Sando, 1982; Williams and Bartley, 1988; Perry et al., 1988).
To the west, the Four-Eyes Canyon thrust overrode the Tendoy imbricate fan and is regarded as a
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Figure 3. Geologic map of study area. Formation names use same abbreviations as stratigraphic
column (Figure 5). Trace of Four-Eyes Canyon thrust in red.
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typical Sevier structure (e.g., Scholten et al., 1955; Perry and Sando, 1982; Perry and Hossack,
1984; Williams and Bartley, 1988; Perry et al., 1988; Bartholomew, 1989). The overturned Little
Water syncline and Timber Butte anticline are excellent locations for determining layer-parallelshortening (LPS) strain related to different structural events, due to their position along the
leading edge of the fold-thrust belt and their proximity to Laramide structures to the east. For
comparison, in areas that experienced multiple deformational events, such as in the Roanoke
recess of the Appalachian fold-thrust belt, Whitaker and Bartholomew (1999) and Bartholomew
and Whitaker (2010) used LPS strain and fracture sets to determine which structures came first –
those associated with the central or southern Appalachian mountain-building episodes. LPS
strain, typically the first horizontal strain preserved within horizontally layered rock, occurs
when the shortening-direction lies within the bedding plane, causing shortening in the horizontal
plane and thickening in the vertical plane (Ramsay and Huber, 1983). Thus in southwestern MT,
LPS strain is used in this study to determine which came first – Sevier or Laramide deformation.
REGIONAL GEOLOGIC SETTING
Near Dell, MT Paleozoic to Cretaceous strata of the Tendoy thrust sheet crop out west of
the Quaternary Red Rock fault and a strip of Mississippian strata of the Four-Eyes Canyon thrust
sheet is present just east of the Tertiary Muddy Creek Basin fault in the western part of the area
(Figure 3). Unpublished Master theses on structure and sedimentology in the Tendoy Range
contain geologic maps of the area (e.g., Klecker, 1980; Dunlap, 1982; Ponton, 1983; Williams,
1984; McDowell, 1989; Greenwell, 1997; Harkins et al., 2004). In addition, Harkins et al. (2004)
and Bartholomew et al. (2009) mapped the active Red Rock fault along the range front. This
fault is related to late-Quaternary extension of the northern Basin and Range (Stickney and
Bartholomew, 1987).
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Scholten et al. (1955), Perry and Sando (1982), Williams (1984), Williams and Bartley
(1988), and McDowell (1997) all interpreted emplacement of the Four-Eyes Canyon and Tendoy
thrust sheets as coeval with folding of the Little Water syncline, and the latter as a complex
structure within the Tendoy thrust sheet. Perry et al. (1988) suggested that Laramide folding
preceded Sevier thrusting which then deformed the folds, based on structural information and
samples containing calcite-twinning from Ponton (1983). Judy and Bartholomew (2011) and
Judy (2012) applied a technique similar to Bartholomew and Whitaker (2010), using digital
samples from 13 sites and normalized Fry plots to determine initial LPS strain in overturned
limbs of the Little Water Syncline. Their study suggested that Sevier deformation preceded
Laramide folding, by comparing LPS in the overturned limb with LPS in the upright limb
(Figure 4). The current study was undertaken to increase the number of sample sites to produce a
more robust analysis over the entire area.

Figure 4. Cross-section along A-A’ from geologic map (Figure 3) (from Judy, 2012).
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STRATIGRAPHY
Mississippian System
Undivided Mississippian strata (Figure 5) include the Middle Canyon, Scott Peak,
Lombard, Conover Ranch, and Lower Amsden formations. This group includes several layers of
fossiliferous limestone, calcareous siltstones and sandstones, cross-bedded sandstones, and black
mudstones (Harkins et al., 2004; Williams and Bartley, 1998; Perry et al., 1989; Perry and
Sando, 1988; McDowell, 1997, 1998).
Pennsylvanian System
The Pennsylvanian consists of the upper limestone beds of the Amsden Formation and
the conformably overlying Quadrant Formation. The Quadrant is a well-indurated, thick-bedded,
non-fossiliferous sandstone and weathers into blocky talus slopes that mostly cover exposures in
the Dixon Mountain area (Sholten, 1955; Sadler, 1981; Saperstone et al., 1984; Wardlaw and
Pecora, 1985; Saperstone, 1986; Perry et al., 1988). The Quadrant Formation is approximately
457m thick.
Permian System
The Permian Phosphoria Formation consists of the approximately 4m-thick and poorly
exposed Meade Peak phosphatic mudstone member, overlain by the Rex Chert member
(McKelvey et al., 1956; Sadler, 1981). The bedded Rex Chert is approximately 46m thick.
Triassic System
Three formations with a combined thickness of more than 610m make up the Triassic
(Perry et al., 1988). The basal Dinwoody Formation disconformably overlies the Permian
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Figure 5. Generalized stratigraphic column of mapped units within Dixon Mountain Quadrangle
and surrounding areas (modified from Harkins et al., 2004).
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Phosphoria and consists of approximately 256m of a relatively thin lower calcareous siltstone
member and a thick upper siltstone-limestone member (Scholten et al., 1955; Sadler, 1981). It
weathers to yellowish brown or orange shaly shards, and contains fragments or impressions of
fossils. Lying conformably on the Dinwoody is the Woodside Formation, which is generally
poorly exposed in the Dixon Mountain area, and consists of 40m of fissile, thinly-bedded and
laminated siltstone (Scholten et al., 1955; Sadler, 1981).
The Woodside Formation is overlain conformably by the Triassic Thaynes Formation,
which is of particular interest in the current study. In the Dixon Mountain area, the Thaynes is
composed of three subdivisions that together are approximately 208m thick: a lower limestone
member, a middle sandstone member, and an upper limestone member (Moritz, 1951; Scholten
et al., 1955; Klecker, 1980). The lower limestone member is 33m thick, and consists of sparry
limestone that weathers gray, as well as fossiliferous micrite and interbedded gray, thin-bedded
calcareous siltstone that weathers light-gray. Pelecypod and brachiopod molds are common
throughout much of this member, and the micrite contains Pentacrinus debris within the matrix
(Figure 6). The sparry limestone is recrystallized(?) grainstone comprising numerous
Pentacrinus, brachiopod, or pelecypod fossils, and locally presents calcareous siltstone
intraclasts and pellets (Kummel, 1960; Dunham, 1962; Klecker, 1980). The middle sandstone
member is 67m thick and consists of fine-grained, calcareous sandstone interbedded with
siltstone. This layer is often poorly exposed and forms slopes between the more resistant
limestone members (Klecker, 1980). The upper limestone member of the Thaynes is a 108mthick yellowish-brown to grayish-brown biosparite that contains locally abundant fossils of
circular crinoid columnals, Pentacrinus columnal plates, pelecypod shell fragments, echinoid
plates, and peloids along bedding surfaces (Scholten et al., 1955; Judy, 2012). The Pentacrinus
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Figure 6. Image of typical varieties of Pentacrinus found locally in Triassic Thaynes bedding.

columnals are always disarticulated and distributed throughout some of the bedding surfaces
within the limestone layers (Klecker, 1980). Also present in the limestone in discrete bedding
planes is the brachiopod species Pugnoides Triassicus (Sholten et al., 1955; Alexander, 1977;
this study). These Pugnoides Triassicus show an obvious preferred directional trend, perhaps due
to alignment with a marine current at time of deposition; however their long axes have deflected
from that trend, making them ideal for structural analysis. The locally abundant Pentacrinus
columnals of the lower and upper limestone members are also ideal for structural analysis
because of their suitability for fitting with strain ellipses. Thus, both the Pentacrinus and the
Pugnoides Triassicus were utilized in this study for LPS-strain analysis (Table 1, 2; Figure 7).
Jurassic System
The 34m-thick Sawtooth Formation forms the lower part of the Jurassic strata. It consists
of a basal layer of calcareous mudstones, overlain by thinly-bedded micritic limestone, with an
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SI

1665
Ooid
1653
Ooid
896 Brachiopod
910 Brachiopod
1657
Ooid
1655
Ooid
1659
Ooid
1652
Ooid
1128 Brachiopod

PIC#
Jr
Jr
Trt
Trt
Jr
Jr
Jr
Kk
Trt

U
Z
Trt Alloch 12T
Trt Alloch 12T
TBA West 12T
TBA West 12T
LWS Mouth 12T
DM West 12T
DM West 12T
SW Kootenai 12T
DM West 12T

STRUCT

LOCATION
ATTITUDE (UTM)
EASTING NORTHING STRIKE DIP OT/U
356290 4949066
270
51N
OT
356282 4949071
270
55N
OT
355939 4953544
125
64SW
U
355956 4953540
125
48SW
U
358303 4954556
218
75NW
U
357652 4951147
185
28NW
U
357627 4951095
185
29NW
U
355345 4949904
322
60NE
OT
357722 4947159
186
20NW
U
300
201
110
100
210
220
200
310
175

N
Rs
1.03
1.08
1.11
1.08
1.05
1.04
1.21
1.10
1.05

EN ELLIPSE
Phi
SD
40.1 204
28.3 216
58.0 220
68.1 229
9.0 239
48.2 266
18.7 237
174.9 237
56.4 275

%SH
1.6
3.6
5.6
3.9
2.5
2.1
9.4
4.7
2.9
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SID: Sample ID number assigned to each sample in the field (DM: Dixon Mountain); PIC#: Number assigned to each picture used
for sample analysis; SI: Strain indicator type used for analysis; UNIT: Geologic unit containing the sample; STRUCT: Structure
from which the sample was taken (Trt Alloch = Thaynes allochthonous piece; TBA West = west limb of Timber Butte anticline;
LWS Mouth = mouth of Little Water syncline; DM West = dipping beds on west flank of Dixon Mountain; SW Kootenai =
southwestern extent of Kootenai in study area; FEC Thrust = Four-Eyes Canyon thrust sheet); LOCATION: Precise GPS location
(Universal Transverse Mercator) where each sample was taken; ATTITUDE: Orientation of bedding in the field for each sample
(OT = overturned; U = upright); N: Number of strain indicators analyzed in each sample; Rs = ratio of long/short axes of each
ellipse (with associated error from eigenvector calculations for Pentacrinus samples); Phi = angle of long axis of ellipse measured
clockwise from the x-axis (with associated error from eigenvector calculations for Pentacrinus samples); SD = calculated direction
of original LPS strain; %SH = Calculated minimum percent of shortening experienced by each sample (assuming no volume loss)

DM-9 (DMCL-2)
DM-10 (DMCL-3)
DM-17
DM-19
DM-31 (DMCL-11)
DM-42 (DMCL-15)
DM-43 (DMCL-16)
DM-50 (DMCL-23)
DM-61

SID

Table 1. Data for ooid and Pugnoides Triassicus samples.
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PIC#
875-P
879-P
899-P
930-P
886-C
1012-C
1018-C
1023-C
1028-C
1113-C
1145-C
1149-C
1159-C

SI
Pentacrinus
Pentacrinus
Pentacrinus
Pentacrinus
Pentacrinus
Pentacrinus
Pentacrinus
Pentacrinus
Pentacrinus
Pentacrinus
Pentacrinus
Pentacrinus
Pentacrinus

U
STRUCT
Trt FEC Thrust 12T
Trt FEC Thrust 12T
Trt FEC Thrust 12T
Trt Trt Alloch 12T
Trt TBA West 12T
Trt DM West 12T
Trt DM West 12T
Trt DM West 12T
Trt DM West 12T
Trt DM West 12T
Trt DM West 12T
Trt DM West 12T
Trt DM West 12T

LOCATION
354867 4952273
354867 4952257
354899 4952179
356342 4949215
355687 4953470
358201 4951168
358199 4951159
358203 4951146
358196 4951186
357724 4947124
357720 4947884
357719 4947898
357702 4948132

ATTITUDE (UTM)
162
71SW OT
160
71SW OT
155
55SW OT
286
49NE OT
125
50SW U
177
37SW U
177
37SW U
177
37SW U
177
37SW U
208 20NW U
178
38SW U
178
37SW U
188 37NW U
N
6
9
23
44
14
12
74
24
29
14
51
15
26

AuxTable
AT1
AT2
AT3
AT4
AT5
AT6
AT7
AT8
AT9
AT10
AT11
AT12
AT13

Rs RsError Phi PhiError
1.014 0.014 97.5
41.1
1.043 0.023 34.5
25.8
1.101 0.017 19.7
7.0
1.011 0.007 47.1
33.7
1.017 0.010 93.3
30.9
1.068 0.027 16.3
12.4
1.049 0.010 33.9
6.7
1.052 0.010 15.9
9.7
1.046 0.018 11.6
11.4
1.011 0.013 111.2
43.5
1.022 0.009 53.1
20.7
1.033 0.009 155.8
17.5
1.032 0.018 46.2
23.6

SD
155
216
225
213
254
226
244
226
222
172
264
187
267

%SH
0.7
2.1
4.8
0.6
0.8
3.3
2.4
2.5
2.2
0.6
1.1
1.6
1.6
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SID: Sample ID number assigned to each sample in the field (DM: Dixon Mountain); PIC#: Number assigned to each picture used
for sample analysis; SI: Strain indicator type used for analysis; UNIT: Geologic unit containing the sample; STRUCT: Structure
from which the sample was taken (Trt Alloch = Thaynes allochthonous piece; TBA West = west limb of Timber Butte anticline;
LWS Mouth = mouth of Little Water syncline; DM West = dipping beds on west flank of Dixon Mountain; SW Kootenai =
southwestern extent of Kootenai in study area; FEC Thrust = Four-Eyes Canyon thrust sheet); LOCATION: Precise GPS location
(Universal Transverse Mercator) where each sample was taken; ATTITUDE: Orientation of bedding in the field for each sample
(OT = overturned; U = upright); N: Number of strain indicators analyzed in each sample; Rs = ratio of long/short axes of each
ellipse (with associated error from eigenvector calculations for Pentacrinus samples); Phi = angle of long axis of ellipse measured
clockwise from the x-axis (with associated error from eigenvector calculations for Pentacrinus samples); SD = calculated direction
of original LPS strain; %SH = Calculated minimum percent of shortening experienced by each sample (assuming no volume loss)

SID
DM-2
DM-3
DM-5
DM-8
DM-15
DM-35
DM-36
DM-37
DM-38
DM-59
DM-66
DM-67
DM-69

Table 2. Data for Pentacrinus samples

Figure 7. Detailed section of upper Triassic, Jurassic, and lower Cretaceous. Red arrows show
stratigraphic locations of samples.
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upper layer of yellow-brown argillaceous limestone that weathers to pinkish-gray, centimetersize blocky fragments (Scholten et al., 1955; Sadler, 1981). The mudstone beds contribute to the
intense deformation of the overturned limb of the Little Water Syncline and likely behaved as an
upper-level glide horizon for the Dry Canyon thrust (Figure 4), which further deformed the Little
Water syncline and Timber Butte anticline (Judy, 2012).
The upper unit of the Jurassic is the 33m-thick Rierdon Formation, which lies
conformably on the Sawtooth Formation in the Dixon Mountain area. It has a basal unit that
makes up two-thirds of the formation and is primarily ooid limestone, overlain by pale-orange to
yellowish-gray argillaceous limestone, which weathers to blocky shards that show slickensides,
fractures, vein-fill, and other signs of deformation (Moritz, 1951; Scholten et al., 1955; Klecker,
1980; Sadler, 1981). A second ooid limestone unit is within the upper third of the Rierdon that
weathers to a pale orange or yellowish-brown. The remainder of the formation consists of a
variety of micritic limestones. The Rierdon is typically a slope-former, with the basal ooid
limestone unit locally supporting ledges (Klecker, 1980). Outcrops of Rierdon can be recognized
by the appearance of a yellowish-brown or light-brown veneer of rock chips and soils. Generally
outcrops can be found in places where this veneer has been eroded away, or by shallow digging
in the soil-covered areas. The ooidic portions of this formation are excellent for fabric strain
analysis via the Fry method (Fry, 1979), and samples were collected for LPS-strain analysis in
this study from associated outcrops (Table 1; Figure 7).
Cretaceous System
The Cretaceous consists from bottom to top of the Kootenai, Blackleaf, and Beaverhead
Formations. The Kootenai Formation disconformably overlies the Jurassic Rierdon Formation
and consists of four mappable members (Gwinn, 1965). At the base is the lower clastic member,
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which is a 6m-thick basal chert-pebble conglomerate or coarse-grained sandstone in some areas,
overlain by the lower calcareous member consisting of siltstone and mudstone. The lower
calcareous member is composed of a variety of rock types that are only locally persistent and
commonly have lensoid geometry (Klecker, 1980). Among these lenses are some micritic
limestone layers containing ooids in discrete units. Samples of this ooid-containing limestone
were collected from the Kootenai for LPS-strain analysis (Table 1; Figure 7). Next is the upper
clastic member, which is approximately 135m thick and consists of mudstone and siltstone. The
stratigraphically highest member of the Kootenai is the upper calcareous member, commonly
called the gastropod limestone, which is a ledge-forming biomicritic limestone that is easily
recognizable in the current study area, and makes a good marker for the top of the Kootenai
Formation (Judy, 2012).
The Blackleaf Formation conformably overlies the Kootenai and makes up the core of the
Little Water syncline. Scholten et al. (1955) originally mapped this as the Aspen Formation, and
Sadler (1981) called it the Colorado Shale. During his stratigraphic correlation of southwestern
Montana, however, T.S. Dyman identified it as the lower Blackleaf Formation (Dyman et al.,
1994). It consists of non-resistant mudstone, calcareous silty claystone, and laterally
discontinuous limestone, sandstone, and siltstone (Sadler, 1981).
The uppermost portion of the Cretaceous System in the Dixon Mountain area is the
Beaverhead Formation. It overlies severely deformed Mesozoic layers with a profound angular
unconformity, and ranges from 250m - 1,300m thick, thickening to the east (Lonn et al., 2000). It
was previously called the Beaverhead Group (Wilson, 1967; Sadler, 1981; Williams, 1984;
Nichols et al., 1985; Perry et al., 1988; Williams and Bartley, 1988), and consists of the Lima
Conglomerate, derived from the Blacktail-Snowcrest uplift, and overlying conglomerates derived
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from earlier Cordilleran thrust belts (Perry et al., 1988; Williams and Bartley, 1988). The
Beaverhead Conglomerate forms the northwestern limb of the Timber Butte anticline, and has
similar bedding orientations to the Kootenai Formation near the apex of the fold hinge,
indicating that the Beaverhead and the Kootenai experienced the same or a similar compressional
regime (Judy, 2012). Northeast of Timber Butte and south of Big Sheep Creek, the Tendoy thrust
structurally overrode Beaverhead conglomerate and preserved it in the Timber Butte NE and
Deadwood Gulch footwall synclines (Figure 3).
Tertiary System
The Tertiary Muddy Creek basin contains the Muddy Creek Formation, which consists of
four mappable facies of basin-fill deposits with a cumulative thickness of approximately 4km.
From the bottom of the basin upwards are Tertiary volcanics, tuffaceous sediments, interbedded
sandstone and mudstone, and interbedded conglomerate and sandstone (Harkins et al., 2004).
The Muddy Creek Formation is exposed west of the basin-bounding Muddy Creek fault.
STRUCTURAL ELEMENTS
The principle thrust sheets, from west to east, are the Cabin, Medicine Lodge, Four-Eyes
Canyon, Dry Canyon, Tendoy, and Snowcrest thrusts (Figure 2). Perry et al. (1988) considered
the Four-Eyes Canyon thrust to be a Sevier thrust that lies structurally beneath and younger than
the Medicine Lodge thrust and above the younger Tendoy thrust that terminates northward where
it intersects the younger McKnight Canyon thrust (Figure 3). His evidence for this age
relationship was based on clasts from units in the Four-Eyes Canyon thrust that are found in the
synorogenic Beaverhead conglomerate, which is overridden by the Tendoy thrust system. The
Four-Eyes Canyon thrust trends NNW and is truncated in several locations by the Tertiary
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Muddy Creek Basin fault (Figure 3). Bartholomew (1989b) considered the Tendoy thrust system
as a basal duplex structure with structurally higher thrusts that ramp stratigraphically upward to
the north (Figure 3), and developed adjacent to the overturned Deadwood Gulch syncline within
the Beaverhead Formation in the Big Sheep Creek area (Figure 3). The duplex structure is
terminated north of Big Sheep Creek, where the Tendoy thrust sits on Beaverhead strata, and its
roof fault becomes the basal thrust until it is truncated by the Quaternary Red Rock fault. The
basal Tendoy thrust may be folded similar to the Dry Canyon thrust about the Little Water
syncline (Judy, 2012).
The Dry Canyon thrust is part of the Tendoy thrust system and soles downward into the
basal Tendoy thrust (Bartholomew, 1989b; McDowell, 1997; Judy, 2012). Judy (2012)
hypothesized that it is also possible that this thrust is primarily part of a reactivated Laramide
thrust or a preserved lateral ramp along a Sevier thrust, because it ramps upward from
Mississippian strata to Jurassic shale to the NNW (Figure 3). The Dry Canyon thrust is folded
around both the Timber Butte anticline and the Little Water syncline (Figure 8), and decoupling
along this folded thrust allowed the axis of the Timber Butte anticline to become sectioned, with
the two sections folding and rotating independently of one another (Judy, 2012).
The Timber Butte anticline and the Little Water syncline are the most prominent folds in
the area. The Timber Butte anticline trends NNE and plunges SW, and has an overturned
southeastern limb, with the core of the fold being the Pennsylvanian Quadrant Formation. The
Little Water syncline also trends NNE and plunges SW, forming the Little Water Canyon, and
has an overturned northwestern limb. The Little Water syncline axis is defined by the trace of the
easily recognizable Cretaceous Kootenai Formation (Figure 3). The axes of both folds are
deflected to the southwest, and the folds tighten and become overturned to the northeast (Figure
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8). These overturned limbs could be due to the propagation of a sub-surface, NW-dipping
Laramide blind thrust (Perry and Sando, 1988). As mentioned in the previous section, the Timber
Butte anticline has an axis which has decoupled along the Dry Canyon thrust in the Jurassic
Sawtooth shales. The adjacent Little Water syncline axis changes trend to be oriented more
northward. Judy (2012) suggests that this could be a result of further propagation of the Timber
Butte blind thrust from Perry and Sando (1988), which possibly tightened both folds and
decoupled the Timber Butte anticline. Other folds that are relevant to this study include the
Deadwood Gulch syncline and Deadwood Gulch anticline to the southeast in the Tendoy thrust
sheet that trend NW-SE and record the direction of Sevier shortening, and the Timber Butte NE
syncline north of Timber Butte that trends E-W (Williams, 1984; unpublished data from
Bartholomew) (Figure 8).
In addition to the previously mentioned structures, the Dixon Mountain quadrangle is
bounded to the west and the east by Cenozoic normal faults. To the west is the Muddy Creek
Basin fault, which trends WNW and contains eastward dipping strata (Figure 3). Janecke et al.
(1999) documented a system of west-dipping normal faults that form the major basin-bounding
fault on the east, with three small, antithetic normal faults on the western margin of the basin.
The same study dated syntectonic sediments in the basin as middle to late-Eocene in age,
suggesting that the Muddy Creek Basin fault was active for this period from 46 to 35 Ma
(Janecke et al., 1999). To the east is the late-Quaternary Red Rock fault, which trends N45W and
flanks the NE edge of the Tendoy Mountains, truncating many of the thrust faults there (Figure
8). The Red Rock fault has been studied extensively (Johnson, 1981; Ponton, 1983; Stickney and
Bartholomew, 1987; Harkins et al., 2005; Bartholomew et al., 2009) and is considered to be
related to reactivation of Tertiary or older NW-trending faults caused by post-Laramide
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Figure 8. Primary structural elements, with sample locations (dark red points). DM: Dixon
Mountain; OL: ooids; PC: pentacrinoids; BR: brachiopods. Bold red arrows = Sevier shortening
(σ₁S); bold blue arrows = Laramide shortening (σ₁L). Numbered polygons = sections used for
stereonet rotational sequences (Table 3).
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extension and passage of the Yellowstone hotspot (Fritz and Sears, 1993; Sears et al., 1995;
Sears and Fritz, 1998; Sears, 2007; Bartholomew et al., 2009).
SAMPLE COLLECTION CRITERIA AND PROCEDURE
The sample-collection strategy consisted of locating outcrops that contain a significant
population of visible LPS strain indicators (e.g., ooids, Pentacrinus, or Pugnoides Triassicus) in
Mesozoic strata. Outcrops with intense deformation (joints, faults, stylolites) at the scale of
analysis were avoided. Forty-one sites with abundant populations of Pentacrinus or Pugnoides
Triassicus were photographed as digital samples from the Triassic Thaynes Formation. Bedding
orientation and sample ID were marked on outcrops prior to photographing them (Figure 9a, 9b,
10) and multiple high-resolution photographs were taken perpendicular to bedding at each of
these sites. Twenty-eight samples of ooid limestone were collected from the Rierdon, and two
samples of ooid limestone were collected from the lower calcareous member of the Kootenai
(Figure 11). Multiple photographs were taken at each ooid limestone sample-site location with
bedding orientation and sample ID marked on each sample prior to removal from the outcrop.
For each sample location, information was recorded in a field notebook that included: an ID; the
stratigraphic interval and formation; a precise GPS location; bedding orientation for samples and
surrounding outcrop; numbers for all photographs; notes on geologic structure; and any unusual
properties of outcrops. Among the 71 sites that were photographed and sampled, 22 were
selected for analysis: 5 ooid limestone samples from the Rierdon and 1 from the Kootenai
(Figure 7, 8; Table 1); 13 limestone samples from the Thaynes with Pentacrinus (Figure 7, 8;
Table 2); and 3 from the Thaynes with Pugnoides Triassicus (Figure 7, 8; Table 1).
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LPS STRAIN
LPS strain occurs within a layered sedimentary rock when the principle shortening
direction lies within the horizontal plane of the bedding surface, causing the layer to shorten in
that plane and thicken in the vertical plane (Ramsay and Huber, 1983). LPS strain is typically the
first measurable strain recorded in compressional tectonic regimes, prior to other forms of strain
accommodation such as folding and faulting. Hence, LPS strain can be well preserved when fold
limbs become vertical or partially overturned, despite subsequent multi-scale deformation
(Simon and Gray, 1982; Whitaker and Bartholomew, 1999; Bartholomew and Whitaker, 2010;
Judy, 2012). LPS strain is generally recorded by jointing or delamination cracks, by intragranular
processes such as cataclasis, microfracturing, cleavage, or dislocation flow, and also by
transgranular processes such as pressure solution or grain compaction. Crystal growth, sutured
grain boundaries, and stylolites can all result from pressure solution (Onasch and Dunne, 1992;
Spraggins and Dunne, 2001). In this study, however, transgranular accommodation is of
particular interest, because it predates LPS pressure solution observed on polished sample
surfaces. Thus, transgranular accommodation is the means by which the initial LPS strain is
measured in order to answer the question: which came first – Sevier or Laramide deformation?
The alteration of original center-to-center distances between grains via transgranular
accommodation, which occurs prior to stylolite formation, is measured using various analytical
techniques described in the next section.
FABRIC STRAIN ANALYSIS TECHNIQUES
Strained particles within the fabric of an outcrop or sample are grouped into three
categories (Lisle, 2010; Mulchrone, 2013): Category 1 - objects with known pre-strain
geometries (e.g., fossils or ooids); Category 2 - objects whose shape may be approximated by
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ellipses or polygons (e.g., weathered brachiopod shells or Pentacrinus fossils); Category 3 objects whose spatial arrangement can be used to determine strain (e.g., samples of ooid
limestone, pellets, or death assemblages of fossils). Different analytical techniques use different
categories of data to perform their analyses. Each technique determines the orientation of the
strain ellipse for a given sample or outcrop, in order to analyze the regional stress field.
The quantitatively measured strain ellipse is used to assess finite strain in outcrops or
hand specimens (e.g., Categories 1 and 2 data) (Wellman, 1962; Ramsay, 1967; Ramsay and
Huber, 1983). The ellipse’s (long: short axis) ratio (R) is used together with the angle of the long
axis of the ellipse (phi) from a reference line to examine geometrical features of the strain
experienced by the sample, in order to provide a measurable quantity for comparing strain in
various samples (Ramsay, 1967). For samples to which the strain ellipse cannot be applied
directly, other analytical techniques are used to generate that sample’s overall strain ellipse from
the spatial arrangement of various strain indicators or particles contained within the sample (e.g.,
Category 3 data) (Robin, 1977; Fry, 1979; Panozzo, 1982; Ramsay and Huber, 1983; Erslev,
1988; Erslev and Ge, 1990). The techniques which yield the most consistent and reasonable
results are utilized for the final analysis.
Brachiopods, trilobites, and crinoid columnal plates initially possess bilateral symmetry,
so a line can be drawn along the plane of symmetry, and another along a known line that is
originally perpendicular to that (e.g., a brachiopod’s hinge line or the base of a trilobite’s
pygidium) (Ramsay, 1967). The degree to which the angle between these lines deviates from
perpendicular will define a strain ellipse when they are plotted on a 2-dimensional surface for
multiple objects of the same origin using a simple graphical technique (Wellman, 1962). This
method is applicable to other fossil types (e.g., Pentacrinoids) (Ramsay, 1967; Robin, 1977;
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Ramsay and Huber, 1983), thus it is used to test other fabric strain analysis techniques used in
this study.
For objects that were originally spherical, or those with a type of planar symmetry to
which a circle can be fitted (e.g., the pentameral symmetry in Pentacrinoid columnal plates), an
ellipse is fitted to the outline of the object in its deformed state that provides information about
the deformation of the bedding plane if the shape is perpendicular to the bedding (Ramsay and
Huber, 1983; McNaught, 1994; Vollmer, 2010). For a sufficient number of such objects in an
outcrop, an average of the ratio (R) and the angle (phi) are calculated. A reliable method for
calculating this average is by creating a two-by-two algebraic matrix for each individual
particle’s ellipse, then summing, normalizing, and calculating eigenvectors for the matrices,
providing the mean ellipse for the sample (Shimamoto and Ikeda, 1976). The calculated error for
this method uses a bootstrap approach (McNaught, 2002).
Other techniques rely on analysis of grain-supported rocks (e.g., ooid limestones). Cloos’
(1947) classic examination of ooids, spherulites, and pellets assessed deformation at the grain
scale in the South Mountain Fold in Maryland. His method consisted of carefully fitting a strain
ellipse to each particle in order to determine the extension direction for each. However, this
method is not practical for examination of a large number of samples within a reasonable time
frame. Ramsay (1967) used distances between centers of adjacent particles to produce an overall
strain ellipse for a deformed specimen. Fry (1979) developed an ingenious method that consists
of plotting the center-to-center distances between adjacent grains as points beginning with a
central grain, then incrementally using the next grain as the central grain and repeating the plot,
until every grain was used as the central one. A completed plot will have a central vacancy field
with a higher density of points surrounding the vacancy, which defines the strain ellipse for the

26

sample. The Fry method is best suited for an anti-clustered distribution of particles that were
strained homogeneously at the scale of observation (Fry, 1979; Ramsay and Huber, 1983; Crespi,
1986; Erslev, 1988; Dunne et al., 1990; Vollmer, 2010).
The enhanced normalized Fry (EN-Fry) method (Erslev, 1988; Erslev and Ge, 1990)
deals with particles of differing sizes, which can distort a normal Fry diagram. This method
requires digitizing the outlines of each grain in addition to the centers, so that the grain sizes can
be normalized, to produce more accurate center-to-center distances and sharpen the resolution of
the central vacancy field. This sharper resolution makes the EN-Fry method better suited for
samples with low strain (Erslev and Ge, 1990). After normalization of particle sizes, the EN-Fry
method calculates a best-fit ellipse based on a least-squares ellipse algorithm, providing a more
objective method than hand-fitting an ellipse to the central vacancy region. Other techniques
used to objectively fit an ellipse to a Fry diagram (Mulchrone and Choudhury, 2004; Waldron
and Wallace, 2007; Lisle, 2010; Shan and Xiao, 2011; Mulchrone, 2013) require assumptions
regarding the shape and distribution of grains that cannot be satisfied for samples in this study,
and produced anomalous, inconsistent results. Thus, the EN-Fry method was used, and
consistently produced reliable results that were confirmed by other applicable techniques used
for testing the analysis.
SAMPLE ANALYSIS
Digital images of beds with Pentacrinus fossils (Thaynes Formation) were carefully
oriented with the strike direction parallel to the x-axis of a grid, yielding enhanced clarity using
an arbitrary photo editing program, and then uploaded into the program EllipseFit 3.3.0 for
Windows (Vollmer, 2017). Each pentacrinoid that was perpendicular to bedding was fitted with
an ellipse by carefully selecting each of the five apices around the perimeter of the pentagonal
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shape. Then the program mathematically fitted an ellipse to the five points. For each individual
ellipse, a ratio (R) (long diameter: short diameter) was calculated, and the angle (phi) of the long
axis of the ellipse clockwise from the x-axis of the frame (Auxiliary Tables 1-13 in Appendix).
Next, the EllipseFit program converted each ellipse into a moment equivalent ellipse, allowing a
calculation of eigenvectors to find the mean ellipse for the overall sample (Shimamoto and
Ikeda, 1976), along with an error calculation (McNaught, 2002). Sample ellipse values were
tabulated (Table 2) and the pitch of the ellipses’ long axes in outcrop were plotted as a rake on
the bedding surface in Stereonet 9.5 (Allmendinger et al, 2012; Cardozo and Allmendinger,
2013) prior to rotation of bedding to original orientation. To assess the validity of mean ellipse
calculations, some samples were examined by plotting line pairs on individual pentacrinoid
specimens that originally possess bilateral symmetry, and then applying Wellman’s (1962)
graphical method of calculating an overall ellipse to determine the sample’s strain (example in
Figure 9a), using the EllipseFit program. The shortening direction was consistent between
methods.
Each ooid limestone sample (Rierdon and Kootenai) was permanently marked with ID
and bedding orientations then cut along the bedding plane. The polished surfaces were examined
so that a large homogeneous part of each sample could be analyzed. These polished surfaces
were photographed perpendicular to bedding with a high-resolution camera (Figure 11), and
photos were uploaded and enhanced for analysis. Strike directions were aligned with the x-axis
of a grid (as done with Thaynes samples) and photos were uploaded into EllipseFit. Using the
EllipseFit program, ooids from each selected surface were digitized by zooming in nearly to a
scale where individual pixels are easily visible, and then selecting the center point and several
points around the perimeter of each ooid, to which an ellipse was mathematically fitted. A

28

minimum of 200 ooids were digitized for each sample to provide statistically significant plots. A
normalized Fry diagram was generated for each digitized area, and then various techniques were
tried to objectively fit an ellipse to the central vacancy field. These include: the mean-loglikelihood function (Shan and Xiao, 2011); Delauney triangulation (Mulchrone, 2003, 2013); and
the EN-Fry method (Erslev, 1988, Erslev and Ge, 1990). The latter proved to be both consistent
and reliable. To check the results, the central vacancy field and high-density area for each Fry
diagram was hand-fitted with several independent ellipses. These were averaged, and this
average matched the EN-Fry method within a ±5% error margin. The ratio (R) and angle (phi)
for each sample’s ellipse was tabulated (Table 1). Then the long axes were plotted as a rake on
the bedding surface in Stereonet for subsequent unfolding of bedding, as done with Thaynes
samples.
Digital images containing Pugnoides Triassicus fossils (Thaynes) were uploaded,
oriented, and enhanced using the same procedure as with other photographs. The EN-Fry method
was again used, although these fossils showed a less dense population (N ~ 100). Still the Fry
diagrams had a well-defined central vacancy and high-density area (Figure 10), and the results
were tested just as with the ooid samples. Ellipse information from these samples was tabulated
(Table 1) and long axes were plotted as a rake on the bedding surface in Stereonet for subsequent
restoration of bedding.
RESTORATION OF DATA TO ORIGINAL BEDDING ORIENTATION
Because of complex folding and faulting in the Dixon Mountain region, all in-situ LPS
strain ellipses (Figure 12) must be progressively restored to their original horizontal bedding
locations using an updated geologic map (from Williams, 1984; Harkins et al., 2004; Skipp and
Janecke, 2004; Judy, 2012; unpublished data from Bartholomew) (Figure 3). Bedding
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Figure 12. Unrestored strain ellipses obtained from sample analysis. Gray line = short axis of
ellipse; thick black line = long axis. Numbered arrows show deformational sequence: 1st – SWNE Sevier shortening; 2nd - 57⁰ clockwise rotation of thrust sheets; 3rd – Four-Eyes Canyon thrust
eastward progression; 4th – NW-SE shortening and folding. Sequence is reversed for stereonet
restorations.
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measurements from this map were used to calculate average bedding orientations for several
sections of the study area (Figure 13), and to locate key fold axes (Figure 14): notably the
overturned Deadwood Gulch footwall syncline beneath the Tendoy thrust sheet south of Big
Sheep Creek; the Deadwood Gulch anticline in the adjacent Tendoy thrust hanging wall there;
the Timber Butte NE footwall syncline in the Beaverhead conglomerate north of where the
Timber Butte anticline terminates against the E-W trending thrust; the Timber Butte anticline;
and the Little Water syncline (Figure 3). These fold trends provide the original orientation of
Sevier and Laramide features in their respective sections for later reference. Based on the
geologic map, thrust fault cross-cutting relationships, and calculated bedding and fold trends, a
preliminary deformational sequence was proposed for the purpose of retrodeformation (Figure
12): 1) SW-NE Sevier shortening occurred, producing the Deadwood Gulch and Timber Butte
NE synclines in the footwall of the Tendoy thrust; 2) thrust sheets northwest of Deadwood Gulch
were rotated 57⁰ clockwise, possibly above a lateral ramp; 3) the Four-Eyes Canyon thrust
progressed eastward, overturning bedding in the footwall and emplacing the overturned Thaynes
allochthonous piece; 4) NW-SE shortening occurred (Laramide?) creating and overturning the
Timber Butte anticline and Little Water Syncline, and possibly rotating the Thaynes allochthon.
Using the average bedding calculations and the proposed timeline, the strain ellipses for the
samples were progressively retrodeformed via stereonet to their original LPS-strain direction
based on the disposition of the bedding in the section where they were collected (Figure 8).
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Figure 13. Stereonet plots of average bedding directions for specific sections.
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Figure 14. Plots showing trend and plunge of major fold axes.
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The average strike of bedding was: 180⁰ on Dixon Mountain and its western flank; 216⁰
for the mouth of the Little Water Syncline; 217⁰ for the main axis of the Timber Butte anticline;
156⁰ for the upright Kootenai bedding in the Four-Eyes Canyon thrust footwall (Figure 8); 272⁰
for the overturned Thaynes allochthon in the Four-Eyes Canyon thrust footwall (Figure 8); and
154⁰ for the area just to the southwest of the Thaynes allochthon. The average trend of bedding
in the hanging wall and footwall of the southern Tendoy thrust sheet was 303⁰, as well as the
trend of the Sevier-related folds there. The Timber Butte anticline and Little Water syncline gave
a trend for Laramide structures of ~ 217⁰ (Figure 8).
Bartholomew (1989b) demonstrated that bedding and folds in the Big Sheep Creek area
were folded passively over a NE-trending lateral ramp, which rotated them from the orientation
of the Sevier structures south of the ramp. Samples DM-35, DM-36, DM-37, DM-38, DM-42,
DM-43, DM-59, DM-61, DM-66, DM-67, and DM-69 were all collected from the western flank
of Dixon Mountain (Section 1: Figure 8), which lies on the passively folded bedding north of the
ramp, and so were rotated 57⁰ counter-clockwise to correct this folding and bring their bedding
strike in line with the trend of Sevier structures to the southeast, then unfolded (Figure 15a, Table
3). DM-2, DM-3, DM-5, and DM-50, which were all collected in the vertical to overturned
footwall of the Four-Eyes Canyon thrust (Section 2a: Figure 8), were simply unfolded (DM-2, 3,
and 5 were overturned and DM-50 was not) and not further rotated (Figure 15b, Table 3). DM15, DM-17, and DM-19 from the northwestern limb of Timber Butte anticline (Section 3: Figure
8) were corrected for the plunge and dip of that fold, any remaining dip was removed, and they
were rotated 57⁰ counter-clockwise to reflect Sevier trends (Figure 15c, Table 3). DM-31 from
the overturned northwestern limb of the Little Water syncline (Section 4: Figure 8) was corrected
for the plunge and overturned attitude of that fold, any remaining dip was removed, then it was
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also rotated 57⁰ counter-clockwise (Figure 15d, Table 3). DM-8, DM-9, and DM-10 lie on the
overturned and rotated Thaynes allochthonous block (Section 2b: Figure 8), and were rotated to
upright, then rotated 116⁰ counterclockwise to match the strike of bedding in the Four-Eyes
Canyon footwall (Figure 15b; Table 3). The orientations of the ellipses after retrodeformation are
shown (Figure 16), the 14 restored sample ellipses from Judy (2012) for comparison (Figure 17),
and a rose diagram showing the shortening directions of the restored ellipses from this study
(Figure 18).
RESULTS
After restoration, shortening directions calculated from rotated strain ellipses are as
follows: 15 samples show an average shortening direction of 227⁰ ± 27⁰ (DM-3, DM-5, DM-8,
DM-9, DM-10, DM-15, DM-17, DM-19, DM-31, DM-35, DM-36, DM-37, DM-38, DM-43, and
DM-50), which is consistent within a reasonable margin of error with the shortening direction of
~ 213⁰ calculated from known Sevier structures on the Tendoy thrust sheet; 4 samples show an
average shortening direction of 268⁰ ± 7⁰ (DM-42, DM-61, DM-66, and DM-69); and 3 samples
show an average shortening direction of 171⁰ ± 16⁰ (DM-2, DM-59, and DM-67). No samples
are consistent with Laramide shortening, which was calculated at ~ 127⁰. The samples that do not
fall within the Sevier shortening direction, but also deviate significantly from the Laramide
shortening direction (DM-2, DM-42, DM-59, DM-61, DM-66, DM-67, and DM-69) likely
experienced an additional local rotational or folding component at the outcrop scale subsequent
to LPS-strain that was not accounted for, perhaps due to close proximity to a fault or a fold axis.
It is also possible that samples containing very low strain (< 1%) represent the limits of
measurement accuracy for the methods used in this study.
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Table 3. Stereonet rotations used for sample retrodeformation.
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Figure 15a. Plots showing typical rotations of samples in Section 1 from in-situ orientation to
original LPS orientation. A = orientations measured in the field, shown as strike and dip of
bedding (OT = overturned) with long axis of strain ellipse plotted as a rake on bedding (blue
lines). Purple lines show x-axis of ellipse in bedding plane. Red arrows show rotation direction
and magnitude. Open red circles and dotted red lines show overturned beds restored to upright
orientation (note: when restored to upright poles to overturned planes move into upper
hemisphere). Final trend of each long axis shown in C.
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Figure 15b. Plots showing typical rotations of samples in Section 2a and 2b from in-situ
orientation to original LPS orientation. A = orientations measured in the field, shown as strike
and dip of bedding (OT = overturned) with long axis of strain ellipse plotted as a rake on bedding
(blue lines). Purple lines show x-axis of ellipse in bedding plane. Red arrows show rotation
direction and magnitude. Open red circles and dotted red lines show overturned beds restored to
upright orientation (note: when restored to upright poles to overturned planes move into upper
hemisphere). Final trend of long axis shown in B for DM-5 and C for DM-10.
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Figure 15c. Plots showing typical rotations of samples in Section 3 from in-situ orientation to
original LPS orientation. A = orientations measured in the field, shown as strike and dip of
bedding (OT = overturned) with long axis of strain ellipse plotted as a rake on bedding (blue
lines). Purple lines show x-axis of ellipse in bedding plane. Red arrows show rotation direction
and magnitude. Open red circles and dotted red lines show overturned beds restored to upright
orientation (note: when restored to upright poles to overturned planes move into upper
hemisphere). Final trend of long axis shown in E.
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Figure 15d. Plots showing typical rotations of samples in Section 4 from in-situ orientation to
original LPS orientation. A = orientations measured in the field, shown as strike and dip of
bedding (OT = overturned) with long axis of strain ellipse plotted as a rake on bedding (blue
lines). Purple lines show x-axis of ellipse in bedding plane. Red arrows show rotation direction
and magnitude. Open red circles and dotted red lines show overturned beds restored to upright
orientation (note: when restored to upright poles to overturned planes move into upper
hemisphere). Final trend of long axis shown in E.
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Figure 16. Original orientations of LPS strain directions found by retrodeformation of strain
ellipses. Gray line = short axis of ellipse; thick black line = long axis.
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Figure 17. Restored strain ellipses and photo of typical sample and Fry plot from Judy (2012).
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Figure 18. Rose diagram of calculated shortening directions for strain ellipses after restoration to
original LPS directions. Red arrows = Sevier shortening; blue arrows = Laramide shortening;
orange arrows = average of LPS strain directions.
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DISCUSSION AND CONCLUSION
Previous studies in the Dixon mountain area interpreted the Little Water syncline and the
Timber Butte anticline to be Laramide folds that were moved and further deformed by Sevier
thrusting after their initial formation, also claiming that the Tendoy thrust must be younger than
these folds (Perry and Sando, 1982; Williams and Bartley, 1988; Perry et al., 1988). These
studies were based primarily on examination of the Beaverhead conglomerate and its source, as
well as a small number of ooid samples containing calcite twinning. LPS-strain directions
calculated in the current study and data from Judy and Bartholomew (2011) and Judy (2012),
however, demonstrate that SW-NE Sevier shortening occurred first, emplacing the Tendoy thrust
sheet and leaving the initial LPS strain signature, followed by clockwise rotation of the thrust
sheets northwest of Deadwood Gulch, then eastward progression of the Four-Eyes Canyon thrust
sheet, and finally NW-SE shortening produced and overturned the Timber Butte anticline and
Little Water syncline. This implies that the Tendoy and Dry Canyon thrusts were folded about
the Little Water syncline after they were already emplaced. Several dozen samples remain that
were collected but not yet analyzed, so further utilizing the techniques described here, or perhaps
testing different methods, can provide additional confirmation of the sequence of deformation
proposed in this study. In addition, a comprehensive study of joint relationships throughout the
Dixon Mountain area would aid in determining the deformational timeline after initial Sevier
LPS strain occurred.
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APPENDIX – AUXILIARY TABLES FOR PENTACRINOID SAMPLES
Key for All Auxiliary Tables:
ID: Identification number for particle measured.
X and Y: Cartesian coordinates for the center of the particle in the image frame.
Max: Length of long axis for particle’s ellipse.
Min: Length of short axis for particle’s ellipse.
R: Ratio of ellipse’s long/short axis for particle.
Phi: Angle of ellipse’s long axis measured clockwise from the x-axis of the image frame.
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